Improving production of bacteriorhodopsin in the culture medium of Halobacterium salinarum confronts indeterminacy related to culture conditions. Several studies have revealed that high oxygen content increases the growth of Halobacterium salinarum whereas it down-regulates the expression of genes responsible for bacteriorhodopsin production. The focus of this study was to clarify this contradictory role of oxygen in bacteriorhodopsin production and to indirectly regulate the oxygen content of the culture medium at a level that would increase the final concentration of bacteriorhodopsin. Oxygen consumption evaluation showed tha in a typical growth of Halobacterium salinarum at aerobic condition, the decrease in oxygen demand was concurrent with a sharp increase in bacteriorhodopsin production. Further investigation on culture conditions revealed that agitation rate and filling volume had a linear correlation with the cell growth and bacteriorhodopsin production by each cell, however, a two-factor interaction model described the relationship between the culture condition and overall bacteriorhodopsin concentration. It was concluded that although each cell of Halobacterium salinarum produced high amount of bacteriorhodopsin at low turbulence condition, the low yield of biomass production at this condition caused a low overall bacteriorhodopsin concentration. The highest overall bacteriorhodopsin concentration was obtained from high turbulence condition, in which cell numbers were high enough to compensate for low production of bacteriorhodopsin by each cell.
Introduction
Switching of metabolic programs is a common way for microorganisms to adapt and survive from environmental changes, e.g., changing the energy-producing pathway in cyanobacteria in response to light-dark cycle [1] . Halobacterium salinarum (H. salinarum) is a bioenergetically flexible organism which can obtain energy from respiration, retinal-based photosynthesis and fermentation under various environmental conditions [2] . This archaeon lives in highly saline environments where osmotic pressure and temperature may be high and oxygen levels might become low [3, 4] . In such situations, aerobic growth is ceased after a while, therefore, fermentation (if there is sufficient amount of arginine in surroundings) and retinal-based photosynthesis would be the main sources of energy supply for this archaeon in its natural habitat [4] . Retinal-based photosynthesis in H. salinarum is performed by bacteriorhodopsin (BR), a retinal-based, non-chlorophyll protein with a proton-pumping function which is activated by absorption of green light. This protein is located in the purple membrane of H. salinarum and its production increases under anaerobic conditions when the organism needs photosynthesis to provide energy [2, [5] [6] [7] . By absorbing light photons, BR undergoes some conformational changes which leads to proton transfer outward from the cell [8, 9] . This proton pumping generates an electrochemical gradient across the cell membrane that is used by ATP synthase to produce ATP [7] .
Over the last decades, there has been a growing interest in BR and its photochemical/physical characteristic [10] . BR has recently got a lot of actual and potential applications in its native and mutated form [10] . This protein has been used in variety of fields from biology, medicine, and medical instruments (e.g., in protein structure studies, drug screening, treatment of eye disorders and contact lenses) to information technology and electronics (e.g., in optical data storage, holographic storage, security ink and biosensor transducers) [10] [11] [12] [13] . Several researchers have focused on enhancing BR production by H. salinarum with optimization of medium composition and using some culture strategies (e.g., batch or fed-batch operations), however, fewer of them evaluated culture conditions (e.g., aeration, and agitation rate) [14] [15] [16] . Unfortunately, favorable conditions for induction of the bop regulon (including the genes responsible for BR production, i.e., brp, bop and bat genes) is unfavorable for H. salinarum growth [17, 18] . This archaeon grows in aerobic condition up to five times faster than photosynthesis condition (low oxygen concentration in presence of light) [2] . However, the bop regulon induced in photosynthesis condition several times higher than aerobic condition [17] . Since oxygen affects the bop regulon expression and H. salinarum growth differently, regulation of oxygen concentration in the culture medium plays an important role in BR production. The temperature, agitation rate, and the filling volume are some factors which modulate oxygen concentration in a liquid medium. In this study, to increase BR concentration, these oxygen-regulating factors were investigated and optimized.
Materials and methods

Materials
All the materials were obtained from the Merck Company (Germany) except that Hy-case was purchased from the Fluka and MnSO 4 ·H 2 O and DNase 1(DN25) were purchased from the Sigma-Aldrich co. (Germany).
Microorganism and media
Halobacterium salinarum R1 (collection number: DSM 671) was purchased from the German Culture Collection (DSMZ, Braunschweig, Germany).
A medium containing 10 gl −1 yeast extract; 0. −1 NaCl was used as the liquid culture medium in all the experiments. Minerals were autoclaved separately and mixed with other medium components at room temperature to avoid precipitation, then its pH adjusted to 7.3 ± 0.1 aseptically using 1 M NaOH.
Growth kinetic, BR measurement and BR productivity
For monitoring cell growth, the number of cells was counted using a Neubauer counting chamber. Growth rate in each time interval was calculated from the following equation.
where N 2 is the number of cells at the end of the time interval, N 1 is the number of cells at the beginning of the time interval, and T 2 − T 1 is the time interval duration (h).
The concentration of BR in the medium was calculated through the following equation, as previously described [15] where 26,000 is the molecular weight of BR, 63,000 is its molar extinction coefficient, A 568 0 and A 568 24 are the absorbance of the lysate at 568 nm in darkness and after exposure to the light for 24 h (using 50 W fluorescent lamps, 20,000 lx) respectively.
The overall BR productivity (mg l −1 h −1 ) was calculated through dividing the differences of BR concentration (mg l −1 ) in each time interval by the duration of the time interval (h).
Amount of BR (pg) located on the surface of each cell in each time (or the ratio of BR/cells) was determined by dividing BR concentration (pg l −1 ) by the number of cells (l −1 ) in each time.
The BR productivity of each cell (pg h −1 ) was calculated from dividing the differences of BR/cells ratio (pg) in each time interval by the duration of the time interval (h).
All the measurements were carried out in triplicate and the means were reported as the results.
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Oxygen transfer rate and oxygen consumption evaluation
To assess the oxygen transfer rate (OTR) and oxygen consumption during growth of H. salinarum in flasks, a Milli bioreactor (constructed in the University of Tehran, at the Research Center for New Technologies in Life Science Engineering 1 ) equipped with a respiration activity monitoring system (RAMOS), was used. The vessels of the Milli bioreactor were four 250-ml Erlenmeyer-like flasks, each one with three inlets/outlets (two of them for gas input/output and one of them for inoculation) and a cap equipped with an oxygen sensor. The basis of the RAMOS system was completely described by Anderlei et al. [19, 20] . Briefly, a two-phase measuring cycle continuously repeated. At the first phase (rinsing phase), inlet and outlet of the vessels (covered with sterile filters) were opened and air was flushed through the flasks (at the head space) at 1 VVM flow rate for 20 min. In this phase, the gas composition of the head space (which was resulted from the respiration and metabolism of the surveyed microorganism) was replaced with the fresh air. In the second phase (measuring phase), the inlet and outlet of the vessels were closed and oxygen content of the head space was measured for 160 min. The OTR was computed from the reduction of oxygen partial pressure (resulted from the respiration of the surveyed microorganism) in the headspace of the flasks [20, 21] . The area under the OTR curve could determine oxygen consumption (mM) by cells [20] . The rate of oxygen consumption (mM h −1 ) was calculated through dividing the amount of oxygen consumption (mM) in each time interval by the duration of the time interval (h).
For oxygen transfer rate test, culture medium was inoculated with H. salinarum and poured into the sterile vessels. Filling volume, agitation rate, and temperature were 10 ml in 250-ml vessels, 200 rpm, and 37 °C, respectively (aerobic condition). This experiment was performed in presence of light (800-1200 lx) to induce BR production [17] . Six nonmonitored shake flasks were running in parallel under the same conditions and used for sampling [22, 20] .
Experimental design and statistical data analysis
In this study, operational parameters including agitation rate, filling volume (which are both effective factors on turbulence of the culture medium), and the temperature (a determining factor for oxygen solubility) were investigated and optimized in shake flasks to increase the production of BR.
Effect of the temperature on the production of BR was examined at three levels of 37, 42, and 47 °C by one factor at a time method (OFAT). In OFAT experiments agitation rate, filling volume, and light intensity were 200 rpm, 200 ml medium in 500-ml Erlenmeyer flasks and 5000 lx, respectively. The SPSS 22.0 statistical software package (SPSS, Inc., USA) was used for data analysis by one-way ANOVA and post hoc comparisons (Duncan test) at the significance level of 0.05. Each experiment was repeated for three times and the average value of BR concentration was considered as the final value.
The effects of agitation rate and filling volume (turbulence condition) on cell growth and BR production were evaluated by response surface methodology (RSM; see Table 1 ). Agitation rates were coded as − 1 (low, 80 rpm), 0 (average, 140 rpm), and + 1 (high, 200 rpm). Filling volumes were coded as − 1 (low, 100 ml), 0 (average, 225 ml), and + 1 (high, 350 ml). The combination of (agitation rate: filling volume) + 1: − 1, + 1: 0, and + 1: + 1 were classified as high turbulence condition; 0: − 1, 0: 0, and − 1: − 1 considered as average turbulence condition; and 0: + 1, − 1: + 1 and − 1: 0 assumed as low turbulence condition. All these experiments were carried out at 42 °C and 5000 lx light intensity. The design expert software (version 7) was used for experimental design and data analysis.
Results and discussion
Correlation between cell growth, BR production and oxygen consumption
To assess the relation between cell growth, BR production, and the oxygen consumption, these parameters were measured during cell culture of H. salinarum in the Milli bioreactor at aerobic condition. As it was displayed in Fig. 1 , overall BR concentration (Fig. 1a) and BR/cells ratio (Fig. 1c) increased gradually during the cell growth. Since BR was produced continuously (albeit sometimes at a low level), its amount on the cells' surfaces or in the culture medium increased by the time. While BR productivity fluctuate significantly at different time intervals. At the first 24 h of the experiment, the cells grew exponentially (Fig. 1a) . In this time period, due to high growth rate (0.39 h −1 ; Table 2 ) and high respiration activity, the oxygen demand increased and, therefore, the OTR increased from about 0.0005 to 1.7 mM h −1 (Fig. 1b) . Meanwhile, BR productivity (Fig. 1d ) was at a very low level. At the second 24-h time interval, the growth rate decreased drastically (up to one tenth of its maximum value, from 0.39 to 0.03 h −1) ; Table 2 ) until the early stationary phase was achieved (Fig. 1a) . Surprisingly, oxygen demand continued to increase until the OTR reached its maximum value (OTR max = 3 mM h −1 ) at t = 48 h (Fig. 1b) . Such a higher oxygen consumption (see Table 2 and Fig. 1b ) and very lower cell growth at this time interval compared to the first 24-h interval suggested that H. salinarum may use a large portion of respiration-derived energy for other activities than cell growth. This result was somewhat in accordance with Gonzalez et al. [2] who reported that H. salinarum utilized a large portion of substrates (and thus energy) to produce by-products rather than biomass. At this time, overall BR productivity (Fig. 1d ) enhanced slightly (due to probably slight increase in cell counts) while BR productivity of each cell was almost constant (or a little descending). After h 48, cells remained in stationary phase of growth (low growth rate of 0.01 h −1 ; Table 2 ), simultaneously oxygen demand started decreasing (Fig. 1b) . It seemed that the decrease in oxygen demand of cells after 48 h of growth was likely due to lack of essential substrates (probably lack of carbon source or substrates for oxidative phosphorylation) [20] . Cells probably shifted their main energy-producing pathway from respiration/fermentation to retinal-based photosynthesis in response to likely essential substrates depletion. Since BR is prerequisite for retinalbased photosynthesis, shifting to photosynthesis could be the reasonable explanation for sharp increase in BR productivity of each cell (and also overall BR productivity) after 48 h of growth (Fig. 1d) . According to the schematic diagram interpretation suggested by Anderlei et al. [20] , no oxygen limitation was observed for H. salinarum growth in the Milli bioreactor. After h 72, although OTR and growth rate continued to decrease, BR productivity of each cell plunged from its record high (0.00037 pg h −1 ) to about 0.00018 and 0.0000 pg h −1 at t = 96 and t = 120 respectively. A same pattern was observed for overall BR productivity. Based on above-mentioned points, BR productivity was not directly dependent on the value of the growth rate or oxygen consumption, since high or low growth rate or oxygen consumption did not always stimulate cells to alter the rate of BR production. However, BR productivity could be dependent on the growth phase, since it peaked at mid stationary phase of growth, when essential substrates probably depleted and oxygen consumption (demand) plunged from its record high.
In sum, assessment of oxygen consumption by H. salinarum at aerobic condition showed that BR production may increase drastically when respiration could not be continued due to probably essential substrates depletion. Therefore, inhibiting/reducing respiration by limiting oxygen accessibility could be another option for BR production induction. So, in this study, temperature and turbulence condition, which could affect dissolve oxygen concentration in the medium, were investigated and improved.
Temperature optimization
Based on previous studies, optimal growth temperature of H. salinarum is between 49-50 °C [23] and such high temperatures decrease oxygen solubility [24] which can induce BR production. Growth of H. salinarum at three temperatures of 37, 42 and 47 °C was depicted in Fig. 2 . Results showed that cells grew faster at 42 and 47°Cthan 37 °C, also final BR concentration at 42 °C (50.2 ± 0.8 mg l −1 ) was more than that of at 37 °C (46 ± 0.5 mg l −1 ; p < 0.05) and 47 °C (48.5 ± 1 mg l −1 ; p < 0.05). So, among these three temperatures, 42 °C selected as the optimum temperature. Figure 3 showed H. salinarum growth in logarithmic scale under different turbulence conditions (based on experiments mentioned in Table 1 ). In all the experiments, like the experiment conducted in the Milli bioreactor, the first 24 h was the exponential phase of growth. After that 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 the growth rate decreased and cells entered the stationary phase. According to different turbulence conditions and thus different oxygen accessibility of the cells, exponential growth ceased with lower biomass yield in lower turbulence condition compared to higher turbulence condition. Based on Ming and Zhenhao prediction [25] oxygen solubility in a 4 M NaCl solution (like H. salinarum culture medium) at 39-45 °C is about 0.06-0.07 mmol/ Kg, which is 4.1 times lower than its solubility in the water (NaCl = 0%). Therefore, culture medium of H. salinarum made problems for preparing aerobic conditions. It seemed that with this medium composition, only high turbulence conditions could provide sufficient amount of oxygen for aerobic growth. It appeared that this oxygen demand could not be completely met in average and low turbulence conditions and this could be the reason of early cessation in exponential growth and lower cell numbers in average and low turbulence conditions compared to high turbulence condition. At the end of the logarithmic growth phase, cells grown at high turbulence condition (experiments 1, 4 and 10 with a µ max of about 0.38 ± 0.01 h −1 ) reached to as high as 8.66 ± 0.03 log 10 cell numbers ml −1 (which was not significantly different from the result of the experiment done in the Milli bioreactor) whereas cells at average (experiments 5, 3, 2 and 8 with a µ max of about 0.33 ± 0.01 h −1 ) and low (experiments 6, 7 and 9 with a µ max of about 0.29 ± 0.02 h −1 ) turbulence conditions reached to 8.12 ± 0.05 and 7.85 ± 0.26 log 10 cell numbers ml −1 respectively. After that, cells growth continued until the end of the experiment (t = 120 h) with a very low growth rate to reach 9.29 ± 0.04, 9.08 ± 0.08, and 8.47 ± 0.22 at high, average, and low turbulence conditions respectively. Therefore, as the oxygen accessibility of the culture medium increased due to enhancing turbulence condition, cells grew to a higher density. Figure 4 depicted the amount BR produced by each cell (ratio of BR/cells) and overall BR concentration at different turbulence conditions. The highest BR production of each cell were of 80 rpm agitation rate (with 0.0405 ± 0.0017, 0.0402 ± 0.0020, and 0.0425 ± 0.0010 pg BR produced at, respectively, 100, 225, and 350 ml filling volumes). After that 140 rpm (with 0.0312 ± 0.0020, 0.0350 ± 0.0005, and 0.0378 ± 0.0012 pg BR produced at, respectively, 100, 225, and 350 ml filling volumes) and 200 rpm (with 0.0228 ± 0.0022, 0.0245 ± 0.0018, and 0.0287 ± 0.0015 pg BR produced at, respectively, 100, 225, and 350 ml filling volumes) agitation rates took the second and third place respectively. With regard to filling volume, each cell produced higher amount of BR at 350 ml filling volume compared with 225 and 100 ml. In other words, an incremental trend in BR/cells ratio was seen when the turbulence of the medium decreased. As the BR/cells ratio is a representative of the amount of BR on each cell surface, this result means that each cell of H. salinarum produces more BR in oxygen limited environments (or by decreasing the turbulence in the medium). This result confirmed the result of Shand et al. [17] where an enhancement in expression of bop gene was seen by decreasing the oxygen content of the medium. Fig. 4 Bacteriorhodopsin concentration (column) and the ratio of BR/cells (square) in constant filling volumes (a for 100 ml, b for 225 ml and c for 350 ml volumes) with agitation rate as the variable, and in constant agitation rates (d for 200 rpm, e for 140 rpm and f for 80 rpm agitation rates) with filling volume as the variable; black, hachured, and white columns indicated high, average, and low turbulence conditions respectively (see Table 1 ) According to Fig. 4 , at the first look, the overall BR concentration showed an increment trend with increasing the turbulence (Fig. 4b-e) . However, when the differences between various turbulence conditions were small (Fig. 4a, f) differences between overall BR concentrations at these conditions were very low/almost insignificant. In fact, trend of overall BR concentration could not be precisely predicted in response to turbulence condition, since overall BR concentration was dependent on both the cell numbers and the amount of BR production by each cell, and these two parameters respond oppositely to alteration of the turbulence condition.
Turbulence condition (agitation rate and filling volume) improvement
Suggested models for the effect of different turbulence condition on cell growth, BR/cells ratio, and overall BR production
According to analysis of variance linear models could describe the effect of agitation rate and filling volume on cell growth (R 2 = 0.93, p < 0.0001) and BR production by each cell (BR/cells ratio; R 2 = 0.95, p < 0.0001), however, a 2fi model was more appropriate for explaining the effect of agitation rate and filling volume on overall BR concentration (R 2 of 0.93, p < 0.001). These models were shown in the following equations.
where A and B are the coded levels of agitation rate and filling volume respectively.
As it was shown in the above equations, the effects of agitation rate and filling volume on cell growth and BR production by each cell were completely opposite. These opposite effects confirmed contradictory role of oxygen in cell growth and BR production by each cell. However, the effects of agitation rate and filling volume on overall BR concentration were more complicated. The role of agitation rate on overall BR concentration was positive (with the coefficient of + 14.63). Filling volume with the coefficient of − 10.97, individually had a negative role in overall BR concentration. However, the combined effect of agitation rate and filling volume (depicted in Fig. 5 ) could affect the final BR concentration with the coefficient of + 11.35. Based on Fig. 5 , generally, the combination of (agitation rate: filling volume) + 1: + 1, + 1: 0, + 1: − 1, 0: − 1, and − 1: − 1 (which all prepare high/average turbulence conditions) resulted in higher BR concentration compared to other tested conditions. Based on this study, the best condition for overall BR production were at 200 rpm agitation rate and 350 ml filling volume at which BR concentration was 52 ± 0.9 mg l −1 .
Conclusion
Protein production process is dependent on the two parameters: the number of protein producer cells and the intensity of the expression of the genes responsible for production of the intended protein. The capacity of membrane protein production is related to the membrane surface area, which is enhanced by increasing the number of cells, also full exploitation of this capacity depends on maximizing the expression of the intended protein in each cell. Considering these two parameters and balancing them (if maximizing both of them at a same time is not possible) is a key to improve protein production. In BR production process, conditions for enhancement of cell numbers and induction of the expression of bop gene cluster are opposite of each other. However, it was demonstrated in this study that to enhance the overall BR concentration in the culture medium of H. salinarum, increasing cell numbers were more preferred than maximizing BR production of each cell. At low turbulence condition (low oxygen content) high production of BR by each cell could not compensate for the negative effect of low cell numbers, however, at high turbulence conditions (high oxygen content) the high number of cells covered the reducing-effect of low BR production by each cell on the overall BR concentration. Furthermore, at some conditions with average turbulence a balance was established between cell numbers and BR production by each cell which could finally increase overall BR concentration to a high level in the culture medium.
